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AN INVESTIGATION OF THE STREAM-TUBE POWER LOSSES AND AN
IMPROVEMENT OF 'THE DIFFUSER-ENTRANCE NOSE IN THE
LANGLEY 8-FOOT TRANSONIC TUNNEL

By Richard T. Whitcomb, Melwvin M. Carmel
and Francis G Mbrgan, Jr.

STMMARY

Surveys of the distribution of total pressure, total temperature,
and static pressure have been made at a number of stations in the
slotted test section and diffuser of the Langley 8—£oot transonic
tunnel with early and improved diffuser-entrance noses installed at the
"ends of the slots. The results of these surveys and the development of
the improved noses are described.

L

- With the early_diffuser-entrance nose installed, a large part of
the power loss associated with the installation of the slotted test
- section was caused by the inefficient induction of the part of the
streem tube outside the slots into the diffuser. The installstion of
improved diffuser-entrance noses substantially reduced the losses
associated with the induction of the stream tube into the diffuser.
With the improved diffuser-entrance nose instglled, the increase in
' power loss due to the addition of the slots is most pronounced in the
forward portions of the slotted throat. o )

"INTRODUCTION -

A slotted test section has recently been installed in the ILangley
8-foot transonic tunmnel. The slots reduce tunnel wall blockege and
-allow continuous operation of the tunnel through the speed of sound %o
low-supersonic Mach numbers (ref. 1). The results of the calibration
of the flow in the test section are presented in reféerence 2. The power
required .to operate the tunnel with the slotted sectlon at a given Mach
number was considerably greater than that necessary for operation of the

" tunnel with a closed throat. Specifically, at a Mach number of 1.10,
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the power requirement was elmost twice as great as that which would !
have been needed. for the tunnel with a closed throat operating at that
speed.

In order to determine the sources of the power losses associlated
wilth installation of the slots, surveys of the distributions of total
pressure, total temperature, and static pressure were made at a number
of stations In the slotted tewt section and diffuser of the Langley
8-foot transonic tunnel. In order to reduce the associlated losses, a
revised diffuser-entrance nose has been developed. The surveys have
been repeated with the final confilguration of the revised diffuser-
entrance nose installed to provide the basis for further reductions in

the tunnel povwer requirements. - ’
SYMBOLS ' ,
M local Mach number !
Mo mean Mach number at center line of test region . r
M Mach number based on total pressure at center line of
stream and statlic pressure in test chamber
v local velocity
Dy ) local static pressure - -
Pic test~chamber static pressure . : : } T
Py atmospheric pressure
o, local mass density
pH' ma.ss density.after increasing preseure of local element
to local total pressure isentropically
op mass density after increasing pressure. of local element
a to etmospheric pressure isentropically
H local total pressure
A - . local total pressure deficiency with relation to

atmospheric pressure

R w
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AE ~ power required to,raise;total pressures of all elements
rgssing through & stream-tube cross section to atmos-
pheric pressure 1sentrop1cally

AEZ power required to raise total pressures of all elements_
rassing through a stream-tube cross section to atmos-
-Pheric pressure; based on measurement obtained at &
single survey station
Ex kinetic power of a stream tube in the test region
. assuming the conditions are uniform across the section
T redial distance from center line of tﬁnnel
RZ ’ locel redius of stream tube
e ‘ _ angular segment of circular stream-tube section (table I)
y' ' lateral distance from center line of e slot at wall
z ) vertical distance from panel surface
b lateral distance from center line of slot to center
line of panel at wall
3 distance from surface of panel to radius through
centexy line of slot; normal to.penel (table I)
A i local enclosed cross-sectional area . |
Aq area at tunnel minimum section
7 _ ratio of specific hests; 1.40 for air
APPARATUS
- Tunnel and Diffuser-Entrance Nose -

The Langley 8-foot transonic tunnel is & continuous circuit.tunnel
as shown in figure 1. The stagnation pressure is maintained at essen-
tially atmospheric pressure by the vent tower. The major part of -
diffusion occurs ahead of the first set of turning venes downstream of
the test section. The slotted .test section of the tunnel is shown in
figure 2 gnd is described more completely in reference 1. The diffuser-

entrance-nose configuration used during the development of slot shape
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(ref. 1)} and the survey of the distributions of the test-section Mach
number (ref. 2) is shown in figure 3(a). This nose, which was referred _
to as "nose A" iIn reference 2, will be designated "original nose" =
throughout this peper. The final diffuser-entrance nose configuration, -
which was derived during the development tests described herein, is

shown in figure 3(b)}. This nose, which was referred to as "mose B" in
reference 2, will be designated "final revised nose” herein.

The final revised noses were placed between steel plates parallel
in the reglon of-the noses 3.5 inches apart, which simplified the _
adjustment of the positions of the various.noses. (See fig. 4.) Ahead
of the noses, the plates are curved outward, fairing intoc the test-
section structure at 'a station 93 inches downstream from the origin of
the slots. Outlines of the various nose shapes which were investigated
during the development of the final configuration are presented in figure 5.

Survey Equipment

Point wvalues of the total pressure and total temperature were i
meesured using probes as shown in figure 6. The design of the total-
pressure probes was such that the total pressures were measured with
negligible error, except for losses due to normal shock at Mach numbers
greater than 1.0 at angles up to 20° from the direction of flow. The
total-temperature probe allowed e dilirect measurement of the total
temperature without any significant correction. Angles of downwash and
sidewash in the slots were measured using claw-type yaw meters. (See

fig. T7.) - : -

The probes were supported in the tunpel by 12 rakes. At the end
of .the diffuser, the probes were supported by a 1h-foot- long rake,
which completely spanned the tunnel. In the forward region of the
diffuser, surveys were made with 2-foot-span rakes as shown on the
right of figure 7(a). In the test section, investigations were made
with l1-foot-span rakes as shown in the center of figure T(a). At the
origin of the slots, the surveys were made with 6-inch rakes, as shown
in the left of Tigure T(a). In the slots in the region of the diffuser~
entrance noses, surveys were made with a rake, shown in the center of
figure T(b), which spanned the slot. In the slots ahead of the noses,
the surveys were made with rakes, shown on the right and left of..
figure T(b), which could be rotated and moved normal to the tunnel -
axes. Surveys of the losses caused by the model support system were
obtained with a l foot rake attached to the downstream end of this
support.

Static pressures were megsured along the center line of the tunnel _ .
during- some of the test runs by use of orifices installed in a
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2—inch-diametér tube. (See ref. 2.) During other test rums, the
1450 sweptback wing-body model shown in figure 8, was installed in the
test region with the nose 70 inches downstreem of the slot origin.

METHODS

Measurements

With the original diffuser-entrance noses installed, total-pressure
end temperatire surveys were made along radial lines at. the streamwise
and lateral locations listed .in table I. Static pressures were meas-
ured at the center line of the tunnel on the center line of a nose and
along the center. line of a panel in the vicinity of the diffuser-
entrance nose; they . were also measured at the survey statlions 1n the
diffuser. During the surveys with the original diffuser-entrance nose
installed, a smell model which had an insignificant effect on the flow
near - the test-sectlon wall wag at the’ center line of the test section.

During the development tests of the revised diffuser-entrance nose,
static pressures were measured along a line on one of the side walls of
the diffuser-entranc¢e-nose combination and along & line near the edge
of one of the panels in the vicinity of the nose (fig. 3(b)) in addition
to measurements at the same locations as with the original nose. 'For
these tests, runs were made with either the 45C sweptback wing-body
model (fig. 8) or the static survey tube installed in the test region.
The conditions for the vatrious test runs are listed in figure 5.

. With the final revised diffuser-entrance nose installed, total
pressure and temperature surveys were made at the stations listed in
table II. The wing-body model shown in figure 8 was in the test section
during all these surveys. This model had & definite effect on the flow
near the tunnel wall which resulted in & change in the energy losses
associated with the tunnel boundary layer.

Because of a mixing in the slots and in the diffuser, the local’
static pressures, total pressures, and flow angularities in these regions
fluctuate by relatively large amounts. Inasmuch as the frequency
responses of the manometer leads and liquid celumns are generally much

- lower than the fluctuations of the pressures, the manometer readings

usually indiceate nearly constant pressures. It can be shown that these
nearly constant pressures’ are not exactly the meen pressures; however,
for the accuracy required in the present analysis, the manometer reading
may be assumed to be equal to the mean pressures. The fluctuatious of

.the total pressure near the outer edge of the boundary layer in the

diffuser-are, at times, of the same order as the responses of the
manometers. For these conditions,  the manometer reedings varied by as
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much as 10 percent at times. To compensate partially for these fluctu-
ations, the averages of three manometer readings were used in the
reduction of the data.

Attempts were made to measure static pressures in the stream with .
static probes on the rakes which were previously described. Because of
the 1rregular and unsteady nature of the flow near the wall, however,
these pressure measurements were found to be unreliable and were not
used in the calculations of the local Mach numbers. ILocal static
pressures in the stream were estimeted on the basis of the pressures
meesured on the wall and alcong the center line of the tunnel. Measure-
ments made with the yaw heads indicate that even in the slot the average
cross flows are small, Therefore, no corrections have been applied to
the data to account for these stream deviatilons.

During the initial investigation of the slotted throat in the
Lengley 8xfoot transonic tunnel, tests were made with the slots closed
with wooden filler blocks to obtain power measurements for the directly
comparable closed-throat wind tunnel. During these tests, power-loss
surveys were made at the end of the diffuser with the rake described in
the section on "Apparatus." Surveys were not made in the test region
or forward portion of the diffuser.

Reduction of Data

Method of computation.- Using the messured values of local total
pressure, total temperature, and stalic pressure,*the energies required
to raise the total pressures of all elements passing through the various
stream-tube cross sectlons to atmospheric pressure isentropically have
been calculated for each streamwise measurement station. An attempt was
made to determine the actual energy losses from one survey station to
another by determining the total energy of the stream at each station.
However, the results of such a process proved to be extremely inaccurate
because the values of the losses desired are very smell compared with

the total energy values, so that small errors in the total energy results

produced very large errors in the loss values.

.The energy required to raise the pressure of a unit mass to atmos-
pheric pressure is defined as
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The energy required for a unit area per unit tiﬁe, or the power, is

Y Pa ' H
a =y -1° {p

7 v lp (22N - gftl
Yy -1 [Talpp ) er /|
A :

éy-use of this last relation, unit values of power were obtained for the
points of total-pressure measurement. To calculate these powers, the
local Mach numbers, velocities, and density ratios were determined by
using tebles based on one-dimensional flow relations for a compressible
fluid. The total power required for & given circular stream tube is

. 2n Ri
JAN =u/‘ JF e,r dr de
; 0] 0

- Surveys made at & number of clrcumferential stations for one
streamwise station (table I) indicated that the losses were approximately
the same on each segment of the tunnel bounded by radil through the center
lines of a slot. and panel. The measurements and computations were,
therefore, 'simplified without a significant loss in accuracy by using
the expression

. S - .
' 12 R, : -
= 24\/0 ‘jp e,r dr d6.
o Yo o

The energy required for the measurement staflons in ‘the dodecagonal-~
shaped portlions of the enclosed stream tube was integrated as follows:

b
= 2)4- f "/'\a ea dZ dy-l
o 0.

At the measurement station in the test section, the power of the stream
tube outside the slots was summarized in & similar menner.
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In order to reduce the total power values to nondimensional form,
these values were divided by the equation

Pg PTC
Be = 528V o[> - 722
Pa TC

0
TC

5= T(AV) g (P pp.  PIC
8.

which is the kinetic power of a stream tube in the test region if the

. conditlons are assumed to be uniform across the section with the total
pressure equal to atmospheric pressure; the temperature equal to that
at the center line of the entrance cone; and the velocity, static
density, and stream-tube area equal to the values obtained by reducing
the pressure in the stream isentropically to the pressure in the test
chamber. This test~chember pressure is approximetely equal to the mean
static pressure in the slotted test section.- {(See ref. 2.) The
varigtion of this kinetic power with Mach number for the indicated
reference temperatures is presented in flgure 9.

Adjustments for veriations in stream tube.- Because of the mixing
in the regions of the slots, a small proportion of-the kinetic power
and momentum of the tunnel stream tube is transferred to the essentially
still air just outside the slot. The entrained extraneous air moves,
with the stream tube, past the measurement station in the slot to the
diffuser-értrance nose. Because of the irregilar nature of the flow
near the slots, part of thisg extraneous air is carried into the tunnel
diffuser instead of part of the original stream tube; however, the major
portionm of this air is rejected into the test chamber below the diffuser-
entrance noses. To provide the most satisfactory indication of the
origin of the powgr losses overcome by the fan, the summation of energy
losses at the measurement station in the slot should include only that
for the ailr induced into the diffuser. It is impossible to accomplish
this summation exactly on the basis of the limited deta available. An
approximation has- been obtained, however, by summarizing the energy
losses of the air with a mass equal to that of the original stream tube
above & line perpendlcular to the slot plane of symmetry (designated "c"
in table II).

The flow was reversed over the major part of the surface of the
original diffuser-entrance nose. At the 1l45-inch measurement station,
the region of reversed flow extended from the surface of—the nose into

comuiiae

~

-
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the tunnel proper. This reversed air also coastituted part of the air
moving in the stream direction above the nose. Obviously, in the
summation of the power losses of the tunnel stream tube, the losses in
this recirculating air should not be included. However, as for the

flow in the slots, the cross section occupied by this recirculeting air,
and thus the losses for the stream tube, cannot be determined exactly.

A reasonably. close estimate of the losses at this station has been -
obtained by summarizing the losses of the alr, with a mass equal to that
of the original stream tube, passing above the panels between lines
vertical to the panels (designated "d" in table I). '

The determinations of the cross-sectional areas occupied by the
mass of the tunnel stream tube are affected by the temperatures, total
pressures, and statlc pressures at all points at the reference minimum
station ‘and at the measurement stations. Measured velues of these
quantities were not dveilable for all points which required that.esti-
mated values be used for some points. As & result, the ecomputed stream-

" tube areas are probably in eriror. Because of these differences, as well

a5 errors in the estimations of distribution of these areas as mentioned
previously, the final total power-loss values .for the 90-inch and 145-
inch stations are less reliable than the velues for other stations.

Allowance for model support system.- The losses measured at the

. end of the central support were relatively fiinor and have not been

iricluded in the summation of the losses in the vicinity of the support.
A loss equal to that measured at the end of the support has been sub-
tracted from that measured ascross the entire Cross section at the end

- of the diffuser.

Effect of Temperature Variations® on Results

The radial distributions of local total temperature measured at the

- center line of the pamel at the various streamyise stations are presented

in figure 10. Except for station 337, the temperatures presented at the.

- _center line of the individual survey stations were actually measured in
. ‘the entrance cone ahead of the test region. The mean temperature levels

at the various stations differ by perceptible amounts because of the
differences in atmospheric temperature present during the various test
runs. These differences did not have a direct effect on the nondi-
mensional power losses since they affect the numerator and denominator
of the power expression in the same proportions.

These temperature results (fig. 10) indicate marked. variations in
temperature from the wall to the center line of the tunnel at all stream-
wise stations for Mach numbers of 0.60 end 1.10. The variations are most
severe &t the. origin of the slotted throat and, in general, become pro-
gressively less pronounced at stations farther downstream. This temper-.
ature variation is associated with the method used to cool the tunnel,
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by which atmospheric air is induced into the circuit at the air-exchange
tower around the periphery of the stream tube. The mixing In the low-
veloclty stream between the tower and the test section is relatively
slight, and, as a result, the temperature gradient initiated at the tower
_persists to the test section. A comparison of the temperatures measured
at given stations during different runs indicates that the lateral tem-
perature gradients are affected by the length of a run and the ocutside
temperature. Such vaeriations cause changes in the nondimensional power-
‘1053 results obtained from the total pressure and temperature surveys.
These.changes result primarily from a shift of the absolute losses in
the boundary layer, bssed on the temperatures near the wall, compared with
the reference loss, which is based on the temperature at the center line
of the tunnel. They are also caused by changes of the mixing phenomena
in the diffuser associated with the variations of the radial density
and velocity gradients. In an attempt to reduce- the variations in the
data measured during the various test runs due to changes in the temper-
ature gradlents, dats obtained for the various Mach numbers were recorded
on the same sequence during each run.

RESULTS AND DISCUSSION

*

- Survey of Power Losses With the Original
Diffuser~Entrance Nose

"The fan power.required to operate the tunnel. with a slotted test
section -and the original diffuser-entrance nose at & Mach number of 0.60
is approximately 1.22 times greater than that required for the same
tunnel with a closed throat. (See fig. 11.} This ratio lncreases as
the Mach number is. increased, reaching a value of 2.04 at the maximum
attainable Mach number of 1.13. (These date were obtained from ref. 2.)

Axial distribution of power losses.- The developments of the power
losses 1n the tumnel circuit with & slotted throat and the original
diffuser-entrance nosé installed are presented in figure 12. These"
losses are In terms -of the sum of the powers requlred to ralse the local
point total pressures to atmospheric pressure. The developments of the
losses for the tunnel with a closed throat at a Mach number of 1.00 are
also indicated. The experimental power-loss values for the closed throat
at the origim of the slots and 9.8 feet (117 in.) downstream of the origin
for a Mach number of 1.00 were obtained from data measured &t the center
line of the panels of the slotted throat with the final revised diffuser-
entrance nose installed. An examination of the total-pressure data
measured near the panels for this condition Indicates that the boundary
layer at the center line of the penel at the 11T7-inch station is only
slightly affected by the presence of the. slot, and the data measured here
are indicative of the boundary-layer losses for a closed throat.
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The increase in the power losses 1n the slotted test seetion at &
Mach number of 1.00 is approximately 60 percent greater than the loss
for the closed throat because of mixing in the slots. In the vicinity
of the diffuser-entrance nose of the slotied throat, the losses are
considerably more severe than .in the comparsble region of the closed
throet. The large losses in this region may be attributed primarily to
the presence of reversed or separated flow over the diffuser-entrance
nose. Tuft surveys indicate  the flow-is--reversed on the nose from the

" Ik.2-foot (170-inch) streamwise statlon forward to the leading edge of

the nose. The total-pressure messurement at the 12.1-foot (145-inch)
streamwise station indicates that the reglon of reversed flow extends
from the surface of the nose to & point several inches inside the tunnel
wall, the region expanding with increase in Mach number. The tuft and
total-pressure measurerents indicate that this local, reversed, or sepa-
reted flow does not lead to separation on the diffuser wall. The losses
in the diffuser downstream of the slotted test section are greater than

. those -‘for the diffuser with the closed throat for a Mach number of 1.00.

This additional loss is due to the lower energy of the air induced into
the diffuser with the slotted throat. _

When the Mach number is increased from 0.60 to ‘1. 00, the nondimen-

'sional losses in the slotted test section increase by approximately’

1k percent. - (See .fig. 12.) This change must be caused by en increase
in the losses agsoclated with mixing at the higher subsonic Mach numbers,

- inasmuch as the nondimensional skin-friction losses on the panel decrease

and the geometry of the stream tube in the test reglon remains essen-
tially the same. When the Mach number is increased from 1.00 to 1.10,

‘the nondimensional losses in the slotted test section increase further

to approximately 30 percent. This increase is due, primarily to the
expansion of the stream tube into the slot which is required to cobtain
this supersonic Mach number. The additional loss 1s slightly greater

than the power loss involved in throttling the air which -expands through
the slots from a total pressure of atmospheric to that of the test chamber.

The pressures. measured on the panel (fig. 13)‘indibate_an abrupt

- adverse gradient at approximately the 146-inch streamirise: station at a

Mach number of O. 60 which suggests that increased diffusion causes- part
of the large. losses in this reglon of the diffuser-éntrance nose for

this condition. At & test-section Mach number of 1. 10, the gradients in
this same region are slight, and & severe discontinuity in the Mach, number
distribution along the center line of the tunnel occurs downstream of

the lhk-inch streamwise station. (See-fig. 13.) The near-sonic Mach
number dowrnstream of the discontinuity indicates that it is not associ-
ated with a full normal shock. This discontinuity is. probably the result
of a merging of oblique shocks initiasted by the compressive disturbances
emanating from the vicinity of the slots ahead of the leading edges of
the diffuser-entrance noses. The total-pressure measurements obtained

at the 169-inch streamwise ‘station indicate that this discontinuilty causes
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insignificant. power losses. The acceleration of the flow ahead of this
discontinuity is associated with the gradual divergence of the panel
walls, at an angle greater than the 5° of the test region, starting at
about the 100-inch station. (See ref+ 1.) "

Lateral and radial distribution of-losses.- ILateral variations of
the power required to raise the total pressures of stream~tube elements
to atmospheric pressure, based on pressure and temperature measurements
obtained at single survey stations, are presented in figure 1l4. These
data provide an indication of the-lateral distributions of the power
losses. Because of the reversed flow over the diffuser-entrance nose,
data obtained near the slot at the 145-inch streamwise stetion are of
little value and have not been presented. The data for Mach numbers
of 0.60 and 1.10 indicate that, at the 145-inch station, the losses are
greatest in the proximity of the slot, as mlght be expected since the
mixing in the slot causes a large local loss which is added to the
general skin-friction loss.

Between the 145-inch and the 169-inch stations, the losses at the
center line of the panel increase ahruptly while those at the center
line of the slot decrease, although the major portion of the large loss
developing in this region 1s probebly due to mixing above the diffuser
entrance nose. This trend continues farther downstream so that, at the
2hl-inch station, the losses at reke positions behind the panel exceed
those behind the slot. Apparently, a strong cross flow of low-energy
air from the region behind the slot to that behind the panel is present.
This cross flow may be attributed to the differences in panel and slot
pressures shown in figure 13. This lateral transfer of low-energy air *
*is more pronounced at a Mach number of 0.60 than at a Mach number of 1.10.

The radial variations of total-pressure deficiencies measured at
the various. stations in the diffuser (fig. 15) indicate the expected
rapid thickening of-the boundary layer associated with the flow against’
the positive pressure gradient (fig. 16). At the diffuser exit, the
boundary layer extends to the center line of the tunnel.

[y

Development of Revised Diffuser-Entrence Noses

Baslc concept.- If the reversed flow on the diffuser-entrance nose,
as described in the previous section, had not been present, a strong
positive pressure gradient would have existed ahead of; and in the
vicinity of, the nose. The reversal of the flow, which caused the large
energy losses in the vicinity of the nose, resulted from the fact that
the mixing eir in the region of slots has insufficient streamwise
kinetic energy to move continually downstream against this pressure
gradlent. This reversal of the flow reduced the expansion of the mein
stream tube in the vicinity of the nose and thus delayed the development

- SRR,
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of a strong positive pressure gradient on the tunnel wall and diffuser-
entrance nose to stetions.ferther downstream, the 160-inch station_ for

a Mach number of 1.10, as indicated by figure 13. With this delay and
the increased rate of mixing resulting from the reversed flow, sufficient .
energy is -transferred to the low-energy air of the main stream tube before
it reaches tlhe region of the severe positive pressure gradient to allow

it to continue downstream agelnst this gradient.

The energy losses in the vicinity of the d&iffuser-entrance nose
could be reduced if the required transfer of energy were accomplished
without the need for the region of reversed flow. Continuous flow could
be maintained if the, geometry'of the tunnel in the region downstre&m of
the slots were altered such that the positive gradient would be suffi-
ciently graduel without reversal, With such a gradient, the rate of
Inecrease of total pressure of the low-energy air_from'slots due to mixing

. would be greater then the rate of increase in the static pressure and

the forward velocity would be mainteined. The besic form of the gradusl
pressure gradient is obtained by the proper distribution of cross-
sectional area along the tunnel akxis. In addition, the losses downstream
of slots should be reduced by designing the size and shepe of the
entrance to the diffuser such that it induces and directs all portions

- of the stream tube with & minimum of distortion.-

Results with final revised diffuser-entrance nose.- The final
configuration of revised diffuser-entrance-nose combinations developed
to accomplish the sbove objectives is shown in figure 3(b). With these
combinations in place, the cross-sectional area of the tunnel was .
approximately constant from the. beginning of the diffuser-entrance nose’
a4t the 115-inch streamwise station to approximmtely the 150-inch statlon
(fig. 17), the area being 8 percent greater than that of the minimum
section. Tuft surveys Indicated that the flow did not reverse at any
point on the surfaces of this diffuser-nose combination &t the maximum
test Mach number, the condition for which fthis combination was designed.
At lower’ Mach numbaers, the flow reversed in smell regions near the
leading edge of the upper surface of the nose. The nondimensional power
losses AE/EK at the end of the diffuser for verious Mach numbers with

the finel revised diffuser-entrance nose installed are considerably less
than those with the original nose in place. A%t a Mach number of 1,10, it
is 20 percent less.® (See fig. 18.)" i :

Pressures measured at the center line of the final diffuser-entrance
nose &t a Mach number of 1.10 (fig. 19} indicate a gradusl positive
pressure gradient from near the leading edge to the 1LO-inch streamwise
stations. . Beyond the 140-inch station, the positive gradients become

severe. The axial extent of the region of the desired gradual adverse
- gradients on the final Giffuser<entrance noses 1s comparable to that
produced)on the originel noses by the separation of the flow. - (See
fig. 19 S
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The more forward location of the leading edge of the final ' -
diffuser-entrence nose compared wlth that for the original nose results
in a reduction of the open area of the slots which leads to & smsll but
significant reduction in the mixing losses. "Also, with the final -
diffuser-entrance nose in place, diffusion. on the panel wall started at
approximately the 110-inch streamwise station at a Mach number of-1.10,
whereas, with the originsl nose, 1t started downstream of the 165-inch
streamwise statlion (fig. 19). The initiation of diffusion at a more
forward station, of’course, allows more gradual diffusion and reduces
the extent of the region in which near-stream velocities are present.
Both of these factors probably reduce the power losses.

As a result of moving the leading edge of the diffuser-entrance
nose forward, the compressive disturbances emanating from the vicinity
of the slots ahead of the noses merge at the center line of the tunnel 1
to form a positive gradient at the 126~inch station. (See fig. 19.) .
This discontinulty is upstream of the region where the stream at the !
center line was accelerated with the original nose. Consequently, the -
magnitude of the discontinuity is considerably less with the final nose '
than with the original nose. Since the shock losses ceused by the - s
stronger discontinuity with the original noses were insignificant
(fig. 15(c)), any reduction in these losses associated with the, lessening
of the pressure dlscontinuity should have little effect on the total powexr

loss.

4 T

Pressure distributions with final revised diffuser nose.~ The detalled
pressure distributions for the final diffuser-entrance noses (fig. 20)
indicate that, at a Mach number of 1.15, which is close to the design
condition of 1.16, a positive pressure gradient 1s present in the slot
ahead of the leading edge of the diffuser-entrance nose. This gradient
indicates that the cross-sectional area enclosed by the nose combination
is somevwhat greater than that occupied by the low-energy air of the
stream tube ahead of the nose, so that the stream alr must decelerate
to pass through the nose combination without separation. At lower Mach
numbers, the area occupled by the streem tube shead of—-the nose is even
less, which requires a greater expansion of the stream tube to the area
enclosed by the nose combination. This results in more severe pressure

changes. v

. The gradual positive pressure gradients on the panel at Mach numbers
of 1,10 and 1.15 from approx1mately the 115-inch to the 125-inch stations
(fig. 20) are associated with the deceleration in the slot. At a Mach
number of 0.60, the positive pressure gradlent on the panel associated
with the deceleration in the slot extends forward of the TO-inch stream-
wise station., The negative pressure gradient on the panel betwean the -
125-inch and the 130-inch streamwise stations is associated with the )
‘curvature of the wall in this region. The pressure differences between ' __
- the center line of the panel and the center line of the slot in the - -

N
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region between the 125-inch and the 160-inch stations gre caused

primerily by the reversed curvature of the diffuser-entrance nose.
(See fig. 3(b).)

The effect of the deceleration of the flow in the slots results in
a deceleration of the flow in the tunnel. At supersonic stream Mach
numbers, this effect is carried downstream and produces no changes in
the Mach number distribution at the center line of the test region.
(See fig. 21.) The discontinuity of the Mach number distribution at
the center line of the tunnel at approximately the 117-inch station for
a Mach number of 1.154 is associasted with disturbances produced by the
initistion of the side walls for the diffuser-entrance noses_at the
90-inch station. At subsdnic Mach numbers, the effect of the strong
deceleration in the slots (fig. 20) produces a gradual deceleration of

-the flow at the. center line of the tunnel in- the test region (fig. 21).

-Effects of veriations of revised diffuser-~entrance-nose shapes.-
The diffuser-entrance-nose configurations 2 to 9 In fig. 5 were tested’
during the development of the final noses. Comparisons of the maximum
Mach numbers obtained with 19,000 horsepower indicate that, at approxi-

-mately this maximem power condition the effects of these changes in nose

configuration were slight, so that the highest maximum Mach number was
only 0.005 greater than the lowest. This small effect might be expected
since, for all these revised configurations, no severe reversed flow was’

.present on the noses. These results Indicate that the meximum Mach number

could be slightly increased by reducing the radius of the leading edges
‘of the noses, by moving the points of tangency of the noses. with the,
diffuser wall forward, and, within certain limits, by increasing the
distance between the leading edge of the diffuser-entrance nose and the
surface of the tunnel. The major effects of variations of tunnel stream
temperature on the comparisons shown in figures 5 and 22 heve been elim-
inated by dividing the measured powers by the square root of the ratio
of the stream temperature to arbitrarily selected reference temperatures

‘for each Mach number. (See fig. 9.) The effects of variations of

atmospheric pressure have been eliminated by dividing the- measured powers
by the ratios of the atmospheric pressure to standard atmospheric pressure.

The pressure distributions on the panel and diffuser-entrance nose
and the center-line Mach number distributions are only slightly altered
by the forward movement of. the point of tangency of the diffuser-
entrance nose with the diffuser wall. (See fig. 23.) A decrease in the

_distance between the leading edge of the diffuser-entrence nose and -the

surface of the ‘tunnel from 9.7 inches to 7 inches reduces the positive

A-gradients ahead -of the diffuser-entrance nose. This factor results in

a reduction of the mixing losses in the slot. Because of,thiS“reduction,
the configuratioh with the smaller distance from the tunnel (fig. 22) . . -
requires less power at Mach numbers less than 1.137T; however, this -

. configuration change =lso nearly eliminated the gradusl positive pressure
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gradient on the panel as far downstream as the 140-inch station, so
that the adverse gradient farther downstream became more severe. This
increased gradient probebly caused increased diffusion losses. The
change in the contiguration delayed the deceleration of the flow at the
center line of the tunnel, sllowing the flow to accelerate before it
wag decelerated. This delay resulted in & more severe discontinuity in
the Msach number distribution which probably incresses the shock losses.
Most importantly, because of the higher velocities in the vicinity-of
the diffuser-entrance noses with .the noses nearer to the tunnel wall,
the flow in this region approached the choked condition at a lower test
section Mach number. Power requilrements for the tunnel with the noses
closer to the tunnel wall, therefore, increased sbruptly at a Mach
pumber of 1.135 (fig. 22) so that, at the meximum power condition, the
meximum Mach number attainable with this configuration was less than
that with the noses in a more open position.

Effect of installation of test model.- The results presented in .
figures 5 and 22 indicate that higher Mach numbers are attainable with
a glven power when the sweptback wing-body model was in the test region
than when the survey tube was installed. A comparison of the pressure
distributions on the panel with the model and survey tube in the tunnel
at a Mach number of 1.15 (fig. 2&4) indicate that the addition of the
model caused & series of ‘pressure changes between the 105-inch and the
135~inch. stations. The reduction in power may result from the reduction
of the adverse pressure gradients in the slots ahead of the diffuser-
entrance noses associated with these pressure changes.

Modification for satisfactory subsonic operation.- With the revised
diffuser~entrance noses installed, the Mach number gredient at the center
line of the test section at subsonic Mach numbers caused by the deceler-
ation of the flow in the slots 1s sufficiently large-to be unacceptable
for model testing. With the special diffuser-entrance-nose configuration
(no. 10) installed, it is possible to obtain test-section Mach number
distributions of acceptable uniformity at subsonic speeds. (See fig. 25.)
This improvement results from the reduction of the cross-sectional area
enclosed by the noses.to values slightly greater than the area of the
stream tube in the slotted region. The use of this diffuser-entrance-
nose configuration for supersonlc testing 1s limited, however, by choking
the flow in the vicinity of the nose at a Mach number of 1.08. In order
to obtain a configuration thet has the same aerodynamic characteristics
as this special nose at subsonic speeds, flaps were installed in the
surfaces of the noses as shown in figure 3(b). For subdonic and sonic
testing, these flaps are opened to the position shown. With these flaps
open, entrained air from the test chamber moves into the forward portions
of the entrance-nose combinations and back into the chamber under the
flaps. Because of this secondary flow, the cross-sectional area occupied
by the '‘stream tube within the nose combination approaches the area of the
tube ahead of the noses and only a slight deceleratlion of the flow occurs
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shead of the nose (fig. 26). As a result, ‘the associated deceleration
of the flow at the center line of the test reglon was acceptably small.
(See fig. 25. )

Survey of Energy Losses in Tunnel with the Final

Diffuser-Entrance Nose -

Axiel distributions of losses.- The development of the power losses
in the tunnel circuit with the final revised diffuser-entrance noses :
installed is presented in figure 27. With the revised nose in place,

‘the losses in the vicinity of the nose are relatively small compared

with those present in the locality of the original nose. (See fig. 12. )
The development of loss in this region and in the diffuser (fig. 27) :
is similar to that to be expected downstream of & closed throat. The
losses for the slotted-throat condition are associated primsrily with -

‘the same phenomena as those for the closed-throat condition, skin fric-

tion, and normal diffusion effects. As for the closed throat condition,
the major pert of the total power loss occurs in the diffuser.

At a Mach number of 1.00, the nondimensional loss for the closed

"throat and the approach to the throat up to the 9.8-foot station is

.

0:02k, whereas the loss at the end of the diffuser downstream of the
closed throat is 0.060. The comparsble values for the slotted test
section are 0.038 and 0.101. These data provide a direct indication of
various diffuser efficiencies for thils Mach number. The efficiency of
the diffuser in recovering the kinetic energy of the stream tube between
the 9.8-foot and 69-foot stations is 96.4 percent with the closed throat
and 93.7 percent with the slotted test section. These efficiencies are
approximately equal to the differences between the nondimensional power
deficiencies at the entrance and exit of the diffuser. The efficilency
of the diffuser scting as an induction pump to raise the total pressure
of the low-energy eir entering the diffuser to nearly atmospheric pressure
is Lo percent with the closed throat and 38 percent with the slotted test
section. These pump efficiencies are equal to the ratios of the non-
dimensional power deficiencies at the entrance and exit of the diffuser.
The efficiency of the diffuser in overcoming the additional total-power
deficiencies at the entrance caused by the installation of the slots is
3k percent, These efficiencies are equal to the ratios of the differ-
ences between nondimensional power deficiencies for the slots open and
closed at the entrance and exit to the diffuser. The efficilency of this
additional function of the diffuser is lower than that for the initial
function with the closed throat, even though no additional skin-friction
loss is associasted with this additional function. This decrease in
efficiency is probably due to the irregular lateral distribution of
losses at the entrance to the diffuser downstream of the slotted test
section. (See fig. 28.)
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The results presented in figure 27 indicate that appreciable
losses develop between the end of the diffuser and the fan shaft, which
may be attributed to losses in the fan, skin friction on the tunnel
walls, losses in the turning venes, and minor diffusion losses. The
fan efficiency, obtained from total-pressure surveys ahead and behiund
the fan, is approximately 85 percent at transonic test-section Mach
numbers. (See fig. 29.)

The increment in fan power associated with the addition of slots
in the test—section at a Mach number of 1.00 is approximately four
times as great as the comparable increment in power loss at the down-
stream end of the test sectlion (fig. 27}, which leads to the additional
loss at the fan. This comparison suggests that an appreciable improve-
ment in the tumnel energy.ratio might be obtained by removing the
portions of the stream tube with the greatest deficiencies of total
pressures from the tunnel circuit at the end of the .test section and
raelsing the pressure of this air to atmospheric pressure by a compressor
- rather than by the diffuser and fan. ) |

"With the final diffuser-entrance nose installed, the Increase in
power losses due to the addition of the slots is most rapid in the
forward portions of the slotted throat. (See fig. 27.) This distri-'
bution suggests that further reductions-in the additional power losses
associated with the installation of the slots might be accomplished by
altering the forward portions of the 'slot, configurations.

Iateral and radial variaetions of losses.- The lateral variations
of power losses at varlous streamwlse stations, with the final diffuser-
entrance nose installed as.presented in figure 28, indicate cross flows
of the low-energy air from the slots toward the center lines of the
panels as was pregsent with the original nose. The flow is less severe
with the revised configurations (fig. 18), probably because of the
smeller lateral pressure gradieunts. The radial variations of total-
pressure deficiency obtained with the final diffuser-entrance nose for
& Mach number of 1.10 {fig. 30) indicate that, at the center line of
the slot, y'/b = 0, at the point-of tangency of the diffuser-entrance
nose with the diffuser wali, streamwise station 150, the downstream motion
in the boundary layer 1s relatively low over & wide radial region. The
slow, irregular motion of the tufts observed in this region also iIndi-
cated the presence of these low velocitles. The retarded motion in this
region is assoclated . primarily with severe positive pressure gradients
Just ahead of this measurement station. At stations farther downstream,
the. total pressures of the elements in the boundary layer increase
markedly because of mixing, and, as a result, the velocities in this
reglon are considerably higher than those Just downstream of the slot.

The contours of equal total pressure obtained in the vicinity of a
slot at the 90-inch streamwise station at a Mach number of 0.60 (fig. 31)
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_indicate that the trensfer of emergy from the stream tube to the
essentially still air in the test chember does not progress from the
slot with equal speed in all radial directions as might be expected.
Outside the slot the progress is more rapid in a direction at approxi-
mately 450 4o the plane of symmetry than along the plane of symmetry.
The magnitude of this difference 1s shown in figure 32. The expansion
of the stream tube through the slot at a Mach number of 1.10 results In.
an expansion of the region of mixing along the plane of symmetry but
causes little change in the development of the mixing region outside
the slots in a direction at 45° to plane of symmetry. (See fig. 32.)

The distributions of total pressure at the leading edge of the
diffuser-entrance nose at a Mach number of 1.10 (flg. 33) indicate that
for the stream which reenters the tunnel circult, a minimum of 8 percent
of the stream kinetic energy is recovered at the end of the slot.

Pressure and temperature varistions.- A comparison of the distri-
butions of static pressures in the diffuser downstream of the slotted
throat with the original ‘and final diffuser-entrance-nose configurations
(figs. 16 and 34) indicate better pressure recoveries with the final
nose for all stations at transonic Mach numbers as would be expected.

In the -forward portion of the diffuser, at a Mach number of 0.60,. the
recovery with final nose is not as rapld as w1th the original nose.

The radial distributions of temperature &t various stations in the
circuit with the final diffuder-entrance nose installed (fig. 35) are
similar to those measured with the original nose (fig. lO) At the
90-inch streamwise station, the temperature gradieuts near the-center
line of the tunnel do not appear to be large. The results of tests of
models placed In this region should be only slightly affected by this
gradient. Near the tumnnel wall the temperature gradient is relatively
severe at a Mach number of 1.10. At the atmospheric condition for which
these measurements were made, the absolute temperature varies by 10 per-
cent from the wall to a point 0.5 radius off the wall.

CONCLUSIONS

The results of an investigetion of stream-tube poﬁer losses.and a
program of development of improved diffuser-entrence noses in the langley
8-foot transonic tunnel with a slotted test section form the basis for
the follow1ng general conclusions:. . :

: - 1. With the early diffuser-entrance nose installed, a large part

of the power loss associlated with the installation of the slotted test

- section was caused by the inefficient induction of the part of the stream
tube outside the slots into the diffuser.
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2. The installation of improved diffuser-entrance noses substan-
tially reduced the losses directly caused by the induction of the
stream tube into the diffuser.

3. With the improved diffuser-entrance nosés installéd, the
-increase in power loss due to the addition of the slots 1s most
pronounced In the forward portions of the slotted throat.

L, As for a closed throat tunnel, the mejor part of-the stream
tube power loss in the slotted throat tunnel occurs in the diffuser.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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TABIE I

POSITIONS TESTED WITH ORIGINAL. DIFFUSER-ENTRANCE NOSE INSTALLED -

o

Xm_fﬁxser—entrance nose, station 142.5 -

S

} ﬂsﬂ v Z2 T _JA """
{W" ‘
. \— \
- ori of slot, atetion O ’
: gla ? End of d:_fmse:x
: station 828
-
Axis of rake on panel — . - ) e
\ o -
A N—
t el + -
a - K/
1
S
Axis of reke in slot f
Positions in test section ' Positions in diffuser’
Iateral station _
Longitudinel station, on panel, percent Longituiinal station, Radial stetion,
in. from origin distence from To. from origin 8, deg, from
) ; penel center line . _ top céunter
¢ . to slot center line
5 0. 169 15.00°
J3.m9 51.60
81.35 55.7TT
60.00
180.00
300.00
312,18
315.00
193 55.0L
Positions in slot 60.00
309.50
. Normal station 315.00
g in slot, percent
o o ortatn distance from 241 54.99
. m orig center line to €0.00
edge of slot 309.90
315.00
115 o)
' 100 . 337 k5.00 -
) T 60.00.
315.00
828 o
90.00
. 180.00
270.00

é



 GAl— . NACA RM L52E20
TABIE II
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Sketch op the Langley B-foot trangonie tunnel,. .
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Figure 2.- Views of throat reglon of 8-foot tramsonic tunnel showing
slotted test section, cylindrical survey tube, and support system.

(]

02HESCT WY VOVN



& . .
¢ "
142.58-1n. 168-In.
_skfon .
| Foralil o lunnel '
cenler fne
;- .

x|y ' LI I 2 I ol | L B LI

Und | Gnd | On || G0d | Ond | Gnd || God | Und ] Ond | (0D

paess 0 | 0 || Mo [421 [ eme]{ 188 [ 606 || 163 | 712
_ a3 [a]imo]{iso |45 | - |[ w7 |ees]| 164 | 7e3] .

-~ M |27 305 s [am | - [[ise [eez ]| 165 | 726

45 {271 [4p0|| 152 [6i2| - |[159 |aee || 166 | 738

pac - [31a]ave|[ 15382 | - {[160 |ara|[ 167 | 744

47 | 250|649 ([ 154 | ss2| - |[ 161 [&oe][ 168 | 750

pMe | 387 63| 155 | ae8] - || 162 | 704|[ 169 | 7m0

x=Distonca downelrecm of sfation O .
yaDisicnca trwdff;ser—mhume—rmmmlmhlmm-ufn
y=Distonca from diffusar-enirance-nose referance line o oular surfoca
(a) Original diffuser-entrance nose. Shape A.
. 1 ' Flgure 3.- Coordinates of diffuser-entrance nose shapes.

%

02HeGT W VOVR



'-\_'_-:
pgnlt!s \ T75In. \ . . ° ° o [ o » - _o!lﬁll'l. \ . °
' .
4ih—2 __5-—":"——-__—‘ = =%= . - . o o o ] —
e =
- Sidepln'_hs . . c-presoure ol fices \
- - . ﬁ]’ X " -_ -
| 9658-in I4.6350n Flope: cpan : 1%-« H&%m m _ .
TITTTTTTITTTT]ITT: 1 - - _ - ’ | . .
4in ' ~ { ! .
' [ 7Ty -
_l__i, . [} - - n 'y .
f—ain—| 1044 in} ‘
1613in - ' ¥ e Bparsonié it s
a o . ' STERTEFIISIEIAFCIRILIY, 7777777 A ol __\
T
. . A _
N . , e . :
o ” _ ' el et R | | ok | || dy
" . ) S . 15630 |o 26 | 65| 333[| 146 | a0
- . ' 1563] 42 | ar|jzs | 7] 3e2|| 148 | 820| -
- . ) _ T 15500 47 | eribmo | 82| - [| .50 | az9
i _ . : : ' ©iJe |48 | 8s/)32 | i07| — || 152 B3]
) : ' 18| 52 | 136||3450 212 - || 54| a30]
o | 85 | 186/ kosg] €30 - || 156] aga)
. 22 | 59 | 233|M2 | 666) - 158 | a8
" 24 | 62 | 2B3|jas | 758| - 60 | 803
- L % = Disiaros downsireom of stafion '
; . y = Distance from diffuser-snirance—nose refersnce line o Inner gurface
’ y"= Dislance from ditfuser-enironce-nase referenca lne o outer surfaca
(b) Revised diffuser-entrance nese, Shape B.
Figure 3.~ Concluded.
L}
i ! K . e ' I, - v B T & .
- I P B A A A T I‘ i N ,;_']l:;J_h_;i:.J-,_'. '

9c

02ERST W VOVN




Figure 4.~ Front view of final diffuser-entrance nose placed between
gteel plates. :
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Figure 5 ~ Sketches of.configurations investigated ‘during development of
final diffuser-entre,nce-nose shape,
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(b) Rekes for survey of flow in slots.

Figure T.- Rakes used for flow surveys.
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Figure 8.- Wlng-fuselage combination mounted on the sting;support system

in’ the 8- foot alotted test section,
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pressures 1n the gtream tube to atmoepheric pressure for closed throat
and slotted throat with original diffuser-entrance nose installed,
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Figure 13.~ Pressutre dilstributions on panel and diffuser-entrance nose

and center-line Mach number distributions with original diffuser- _
entrance noses installed. -
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Figure 1lk4.-~ Lateral variations ofenergy deficiencies measured at various
reke locations for several streamwise stations in tunnel with original
diffuser-entrance noses installed.
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(a) Streamwise station 0.

Figure 15.- Radial variations of the local total pressure deficiencies
mesgsured at various rake locations in tunnel with original diffuser-
entrance noses installed. ' )
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(b) Streemwise station 145.

Figure 15.~ Continted.
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(c) Streamwise station 169.

Figure 15.- Continued.
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(d) Stresmvise station 193,

' Figure 15.- Continued.
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(e) Streemwise station 241,

Figure 15.- Continued.
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Figure 15.~ Continued.
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. Figure 16.- Streamwise variations of static pressures in the diffuser

of tunnel with original diffuser-entrance noses installed.
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Figure 17.- Streamwise variation of tunnel cross-sectional area with
: final diffuser-entrance nosee inetalled,
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Figure 19.- Comparisoa of pressure distributions on panel and diffuser-

entrance nose and center-line Mech number distributions with the
original and final diffuser-entrance noses installed. My = 1.10.
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Figure 23.- Pressure distributions on panel and diffuser-entrance nose
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Flgure 27.-' Streemwise variatlons of power required to raise local total
pressures in the stream®tube to atmospheric pressure for closed throat
and slotted throat with final diffuser-entrance nose inetalled.
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(a) Streamwise station 90.

Figure 30.- Radial varlaetions of local total pressure deficlencies measured
at various rake locations in tunnel with finel diffuser-entrance nose '
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Figure 30.- Contlnued.
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(d) Streamwise station 193.

Figure 30,- Continued.
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Figure 30.-~ Continued.

10

0SE2GT W VOVN

€9




$ Roke horizontal

0 '-/r.v .

Po=P7

[
Q

—1
p—o

5 6 T _8.,.9_10
(r/RyP (/R )2

(£) Diffuser exit,

Figu.i‘e 30 .- Concluded,

g

®9

0SHSCT WM VOVN







NACA



Plane of symmeiry of slot
— — — 45" fo plane of symmetry

1.0 3
\\ \\
.8
\\ \\ |
A .
H‘ﬁn-G N B
PPy \Q : \§
. \ \\\
2 N TN
' M=0.60| | \-\\ M=110 %‘\\
3 : \-‘_h | , \:::__.
-4 -2 4] 2 4 8 .8 -4 =2 0 2 4

Distance from slot lip, In.

Figure 32.~ Variations of total pressure in region of elot at a station
G0 inches downstream of the origin of the slots for the tunnel with
final diffuser-entrance noses installed.
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Figure 33.~ Variatlons of total pressure normael to tunnel axis at leading
edge of f:Lnal diffuser-entrance nose. Mg'= 1.10.
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Figure 34.- Stresmwige varistions of static pressures in the diffuser of
tunnel with final diffuser-entrance noses installed,
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